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ANALYSIS OF THERMAL-PROTECTION SYSTEMS FOR SPACE-VEHICLE
CRYOGENIC-PROPELLANT TANKS

By Grorae Ro Syonak, Riciiarp H. Kxorn, and Lewis E. WapLser

SUMMARY JAE
JAC I

Analytical techniques are presented that  permmit
the caleulation of heat-transfer rates with rarious
thermal-protection  systems  for Liquid-cryogenic-
propellant tanks subjected to on-board, solar, and
planetary  heat flures. The  thermal-protection
systems  considered include wsing closely  spaced
reflective surfaces (foils) and widely spaced reflective
surfaces (shadow shields), insulation, arrangement
of vekicle components, orientation with respect to
radiant heating sowrces, and coatings for the control
of solar absorptivity.  The effectiveness of these
thermal-protection. systems in reducing propellant
heating is shown both for ideal heat-transfer models
and for « simplified  hydrogen-orygen terminal
stage on a Mars mission.

The proper orientation of a space-vehiele cryogen ie
tank with respect to the Sun is one of the more
beneficial methods of reducing the heating effect of
solar flur.

Shadow shields can be extremely  effective an
reducing the propellant heating due to both solar
and on-board fures.  However, low-altitude planet
orbits can result in high propellant heating rates
due to planetary radiation reflected from the shields.
For low-altitude orbits of maore than a few duays,
foils appear to be desirable for all eryogenic-tank
surfaces.  Foils are also cffective in reducing the
on-board heating. A choice of shadow shields or
foils cannot be made until a particular vehicle and
a particular mission are chosen.

The thermal conductivity of insulation materials
wouldd have to be lower by about two orders of may-
nitude with no inerease in density before insulation
could compete with reflective surfaces for wuse in
long-duration thermal protection of eryogenie tanks
in space.

To demonstrate the application of the methods
devised, thermal-protection systems are  developed

Jor a hydrogen-origen terminal stage for typical

Mars missions.

INTRODUCTION

Cryogenie (low-temperature) liquids are among
the best propellants currently available for both
chemical- and nuelear-rocket stages.  Presently,
the highest specifie impulses for chemical rockets
are obtained by using hydrogen and oxygen or
hvdrogen and fluorine as propellants. Many
proposed nuelear-rocket propulsion systems uti-
lize hydrogen as the working fluid.

During the course of an interplanetary space
mission, heat transfer to these cryogenic liquids
from the Sun, planets, planet atmospheres, and
from other components of the rocket vehicle is
imevitable. This heating causes propellant vapor-
ization and consequent loss by venting.  Unless
these losses are small, the potential advantage of
using cryogenic propellants would be negated.
Thus, thermal protection of the cryvogenie liquid
from the adverse heating environment is required.

The objectives of this report are to examine the
problem of heat absorption by eryogenic pro-
pellants due to the thermal-radiation environ-
nent of space and to compare the effectiveness of
various  thermal-protection  devices  for specifie
applications.  Aerodynamie heating of propel-
lants during boost has already been discussed 1n
references 1 and 2. The storage of propellants
in cireular satellite orbits has been treated
roferences 3 and 4. References 5 and 6 have
examined the problem of propellant storage in
the space environment away from planets.  An
analvsis  of hydrogen  storage problems  for a
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Venus was
The  thermal-protection
systems considered were reflective shields, attitude
control, refrigeration, and freezing.  The problem
of cryogenic-propellant boiloff for hypothetical
Mars and Venus trips using hydrogen and oxygen
propellants has been analyzed in reference 8.

nuclear-rocket mission to Mars or
made in reference 7.

The methods of reference 8 were used in reference
9 to account for the thermal-protection systems
required on manned nuelear-rocket missions to
Mars,

This report provides the basic methods of
analysis required to predict the heat-transfor
rates through various thermal-protection devices,
thus facilitating the choice of a thermal-protection
system for a particular application. The results
presented in reference 8 were based on the ana-
Ivtical techniques presented herein.  Where fen-
sible, comparisons of the results of the present
work with the results of other mvestigators have
been ineluded.  Several methods of reducing
propellant heating are analvzed in this report,
including spacing between components of the
vehiele, thermal-radiation shiclding, orientation
of the vehicle with respect to the Sun, and coatings.
The effectiveness  of thermal-protection
methods is compared for reducing both on-bourd
and external heating from the Sun and planets.
To clarify the procedure for choosing a particular
thermal-protection system, the design of such
svstems  for a hypothetieal hydrogen-oxygen
chemical-rocket terminal stage for Mars missions
15 included.

these

ANALYSIS

The sources ol propellant heating may  be
cither internal or external with respect to the
rocket vehicle.  Several methods of protection
against these heat fluxes will be discussed.

HEAT SOURCES

On-board sources.— The on-board sources of
heat flux are the adjacent components of the
vehicle (ie., any part of the vehicle to which the
propellant will be exposed), and nueclear radiation
(assuming a reactor is on board for either pro-
pulsion or auxiliary power). Heating caused by
the gamma rays and neutron flux of a reactor
has been investigated in reference 10. Therefore,
no further treatment of nuclear-heating  effeets
will be made herein.
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Heating of eryogenie propellants due to adjacent
components is caused by thermal radiation and
by conduction  through propellant. lines and
structural members. The rate of heating by
radiation is approximately proportional to the
difference between  the  fourth powers of the
absolute temperatures of the adjacent conmponent
and the propellant.  This can become relatively
large if a low-temiperature crvogenic is near a
high-temperature  (about room temperature  or
warmer) component.  The rate of heal translor
per unit area by conduction is directly propor-
tional to the product of temperature difference
between adjacent components and thermal con-
ductivity of the conductor, and mversely  pro-
portional to the length of the heat path. Heat
transferred by conduction is therefore a function
of the design features und detailed  structural
configuration of cach specific vehicle and is not
amenable  to generalized  (reatment.  For this
reason, only heat transferred among components
by radiation is considered in this report.  The
structural members that separate and support
propellant tanks must be designed so as to ensure
low rates of heat conduction.  This may he done
by using low-conductivity laminated stainless-stoel
supports, for example.

External sources. - The external sources of heat
are the Sun and the planets.  Heat is transferred
between these sources and the cryogenic storage
system by thermal radiation. The largest ex-
ternal heat flux encountered by a vehicle within
our solar systent is that which originates from the
Sun. Because the planets are great distances
from the Sun, it is asswmed that the solar flux
at  the planets is represented by essentially
parallel waves of clectromagnetic radiation. Thus,
for a unit area that is perpendicular 1o a radius
veetor from the Sun, this flux (outside planet
atmospheres) is inversely  proportional to the
square of the distance from the Sun and is given by

& ) T (1)

( A
J = Uf.s'_/s, PT:J Tes (
A s p

(See appendix A for the definition of all symbols.)
For this report it was assumed that at Earth
es=1.0, ry=2.2836>10% (oot (0.6960 < 10* m),
75, =4.905101 feet (1.49% 10" m),  and
T5=10,360° R (5755° K). This resulted in a
flux of 428 Btu per hour per square foot, which



THERMAL-PROTECTION SYSTEMS TOR MPACE-VEHICLE CRYOGENIC-PROPELLANT TANKS 3

agrees with the value in reference 11 Nunierous
other estimates of this flax have been published.
These estimates range frem about 420 te 440
Btu/(hr)(sq ).

The heat flux that a vehicle receives fron a
planet results partly from  planetary radiation
and partly from reflected solar radiation.  This
planctary heat flux is given by

0 . . « Vo . ‘
j‘—'*—_} [O’(‘pl Lo peg (Il\ 1') 1% ::Ir Jo (2

where a is the albedo of the planet, and f is the
angle factor between the planet and the body of
interest.
tical surface above a planet are given in appendix
B.) The coefficient = accounts for the relative
position of the body with respect to the planet
(zis 1 at “noon’ and 0 at “midnight”).  Planetary
constants are tabulated in table . The planetary
heat flux increases as the distance from a planet
doeereases and ean be of the same order ol mag-
nitude as the solar flux. For example, a hori-
zontal surface 100 statute miles above the sunlit
Earth at noon would receive a planetary heat
flux of approximately 234 Btu/(hr)(sq f1) (using
the values for ap and Tp shown in table 1).
Although this planetary flux becomes relatively
large, it never exceeds the solar flux.

(Angle Tactors for a horizontal and ver-

ASSUMPTIONS

As a simplification, it was assunmed n many
examples herein that a typical space vehicle is
composed of components (payload, fuel, and
perhaps an oxidant) having equal circular cross-
soctional areas and arranged on a commnon axis.
For a particular surface, it was assumed that the
arca receiving radiation is the same as the area
emitting radiation.

1t was also assumed that the vehiele components
are at a constant temperature and that steady-
state conditions prevail.

The effective temperature of space has been
assumed equal to 0° R except where noted.
Converting the estimate of galactic heat flux in
reference 12 to temperature yields an effective
space temperature of about 20° R (11° K). The
storage ol liquid hydrogen in any reasonable
tank for space applications involves heat leaks

of such magnitudes that the heating due to
ealactic flux becomes insignificant.

Absorptivities and emissivities were assunied to
be total hemispherical values.  Although refer-
ences 13 and 14 indicate that, for engineering
purposes, emissivity and absorptivity can be
assumed (o be equal, this assumption is generally
alid only when the source of radiation and the
recoiver are af the same temperature. The spectral
absorptivity of a surface can vary greatly with the
wavelength of the incident Solar
radintion (both direct and reflected) I8 concen-
trated predominantly in a region ol short wave-
length compared with radiation from bodies at low
temperature (relative to the temperature ol the
Sun).  Hence, the solar absorptivity of a surface
is generally not equal 1o 1ts emissivity,

radiation.

METHODS OF REDUCING PROPELLANT HEAT ABSORPTION
DUE TO ON-BOARD SOURCES
Spacing of components. —The net rate of heat
absorption for a surface » exposed to direet and
refleeted thermal radiation from an adjacent sur-
face £ (in a vacuum environuient) is given by

Q oy fr ,/a{/Y"I 7 ,
P l 1 __,';,[f_,‘l/.r(l ——a_r) (1 fav‘)
Ufuf,r‘ . /.,1/. J‘(\ lj CY).‘) 0{1/7”!’,

A —ae, 1} 3
1 4‘/1. ;/.fa/.r(‘l —ay) 1—a, Tent ( )

+

where £, and f, r are the angle Tactors (fr, is the
fraction of the total radintion that leaves the first
curface » and arrives at the second surface y)
between the two adjacent components, and T, and
T, are the absolute temperatures ol the com-
ponents.  This equation allows for an infinite
number of diffuse reflections between components.
The general method of treating these reflections
is given in appendix €.

The heat absorbed by component ¥ can be
reduced by changing the emissivity andjor the
absorptivity of surfaces and y. The heat-
transtor rate through surlace y (for large ralues of

frp and f, o) can be decreased by reducing both ¢,

and 6. This effeet will be demonstrated i the
RESUL/TS AND DISCUSSION.  Also, the net
heat-absorption rate can be reduced by reducing
the angle factors fr, and f; - By assuming that
absorptivity and emissivity are equal and constant
and noting that f,, and [, are equal for parallel



4 TECHNICAL REPORT R—130-—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

equal-diameter circular disks (arranged on a com- This is the maximum rate of heat transfer betwoeen
nmon axis), equation (3) becomes the two components.  Here it is apparent that
the heat-absorption rate can be reduced by re-

) WAL . . | .
¢ . gefe Ty ducing cither or both ¢, and ¢,.  For this cuse the
A== (-, net rate of heat absorption by surfuce yis the sume
ey . y
+ ge, ) (1 —e)e, L —ge, Tt (4) as the net rate of heat emission by surlface .

1=/l —e)(l—e) because the angle Tactor equals 1 (i.e., no heat loss

at the edges).

The angle factor f between the parallel ends of the | . .
£ ! l Thus, it appears that the heat flux from on-

components is a funetion of the distance between

L . board sources can be decreased by increasing the
compotents and their dinmeters.  For a constant, :

distance between components.  However, when

diameter, the angle factor between adjacent com- . S .
propellants are subjected 1o radintion from ex-

ponents will approach zero as the distance between
components inereases and will appronch 1 as the
distance decreases. When the contponents are

ternal sources as well as on-board heat flux, in-
creasing the distance hetween components may
not be desirable.  This will be discussed lator,
Reflective shields. ~The heat transfer between
adjacent components can be greatly reduced by

separated by a Inrge enough distance so that the
angle Tactor is essentially  zero, equation  (4)

becomes . . ) .
. mserting  parallel, thermally isolated, reflective
@_ A 5 shiclds between components as shown in sketeh
Ti*—-ge!# M () srelas ¢ I Soas SK
: (a). The relation for the net rate of heat absorp-
Here the body concerned loses heat fo space, Heat source - ~Cryogemic tank
which hus been assumed (o be ut 0° R, 'y
When the components are close enough together « ¥
that the angle factor is essentially equal to 1, N ,
equation (4) beeomes Reflective shields
()
Q o(Ti—TH . . . : . .
‘1: B ‘ | v (6) ton by surface y with one reflective shield placed
: -+ —1 diveetly between the components is given by
€ € .
c appendix D as
. Pi
: 9 ] B GERY 4 .. P—
¢ olezay [T +ae e, f2173) ae,(L+a, [*— [T}

AT =720 —a) (1 —ayp)][e, (1 oS e U ta, f D] [1—f20—a) (1 —a,)] )

It is assumed that the reflective shield s thin enough that no temperature gradient exists across the
shield. Tlere the angle factor 1is common throughout beenuse the shield has the same cross-sectional
area as the components and is equally spaced between them.  The net rate of heat absorption by surface
y can be decreased by decreasing a, and ¢, and by decreasing the angle factor /. The angle factor can be
deereased by inereasing the distanee hetween (he components and the shield.  Again, when the spacing
is such that fis essentially zero, equation (5) results. When the reflective shields betwoeen the compo-
nents are so closely spaced that the angle factor is essentially equal to 1, the net rate of heat absorption
by surface yis given by equation (D3) or

Q aey, [(?), <;),AJ“ I Tj—*deyr V;

RN IS (GG »
) 1—<:*‘>,,<;>,}

The equations for the net rate of heat absorption by surface y with 2, 3, . . .. N shiclds between com-
ponents are given in appendix D, In general, the heat-ubsorption rates can be decreased by inereasing
the number of shiclds.  Hereinafter, the widely spaced shields will be referred to as shadow shields, and
the closely spaced shields (f=1) will be referred to as foils.

When (a/e),(e/a),= 1, in equation (8), the term | I—[{afe), (fa),] AT —{aje), lefa), ] should he
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reference 16, the solar absorptivity and emissivity
may change significantly after exposure (o ascent
heating, Van Allen radiation, sputtering, mete-
oroid erosion, the ultraviolet component of solar
radiation, and prelaunch oxidation and corrosion.

FEimissivity 0.02 to
about 0.9, and solar ubsorptivity to ecmissivity
ratios mayv range from about 0.2 to 21 (refs. 15
to 17). FKor most spuce missions there would
undoubtedly be an optimum coating or material
to use for each particular surface of a vehicle.
To indicate such optimums is bevond the scope
of this report. The analytical relations included
in this report have in most cases included solar

aalttes  may  range from

absorptivity as a parameter.

In view of the fact that long-duration exposure
of surfaces to the space environment may alter
surface solar absorptivity and emissivity (ref. 16),
econservative assumptions for surfuce properties
have been assumed herein. To suggest at this
time using extremely low values for ag or e for
long space missions would involve considerable
risk of change in these surface properties during
the mission.

Reflective shields. -One method of reducing
the heat transfer into an exposed cryvogenie-tank
surface is to place shadow shields between the
crvogenice surface and the external heat source
as shown in sketeh (¢). When the incoming
waves of eleetromagnetic radintion are incident.
only on the outer surface of the outermost shield,
the expression for the net rate of heat absorption
by surface y with one shadow shield placed be-
tween it and the external flux Y is given by

() - 7 agea, i)
A= e (l—a,) e, T e) — e 7 (1 —ay)a;
+ Uauofrf//frfz,r?l
1 I *,3( | _‘au) ( l 77(11‘) ] ><
T —r21—a,) (1—a) {este) —ef (1 —a,)a;
g€y ’.)(1 ‘ar)aurlvf/ g
R —oe, T3 (12
T 20— (1—ap| & )
where ag) is the fraction of incident solar andjor
planetary  radiation absorbed by the swrface
exposed to flux V', ¢, is the emissivity absorptivity)
of all other shield surlaces, and «, and ¢, are the
absorptivity and emissivity, respectively, of the

ALRONAUTICS AND SPACE ADMININTRATION
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Shadow

shields

(¢

tank surface y. The uangle lactor f 1s common
throughout heeause the eross-seetional areas of the
ervogenic-tank surface and the shadow shield
were assumed to be equal.  (The equation for
unequal cross-seetiotnl areas can be developed
with the techniques presented in appendixes C
and D) Again, when the angle factor approaches
zero, cquation (5) results. It is also apparent
from equation (12) that the net heat-ubsorption
rate of surlace y can be reduced by decreasing ag
andjor increasing e, The equations for 2, 3,
.. ., N shadow shields are presented in appendix
D. In general, the heat-ubsorption rate can be
decrensed by increasing the number of shadow
shields. I it had been assumed that the shadow
shields had a finite thermal conductivity laterally,
a temperature gradient would have existed in the
lateral conceivable  that  this
temperature gradient could be important if a

direction. It 1s

more exact caleulation of shield temperature is
required.  Analytical techniques for determining
this temperature gradient are shown in reference
18.

The heat-absorption rate of a cryogenice-tank
surface exposed to an external flux can also be
reduced by applying foils as shown in sketeh (d).

Cryogenic tonk;
! ~Foils "

[X19)

This case is the same as the shadow-shield case
represented by equation (12), except that, with
foils, the angle factor between adjucent surfaces
has a value of 1.

The relation for the net heat-absorption rate of
surface i with N foils protecting it ean be derived
from equation (12) and is given by equation
(D8) or



THERMAL-PROTECTION SYSTEMS FOR SPACE-VEHICLE CRYOGENIC-PROPELLANT TANKS d

replaced by (V-1 1.
equation (8) becomes

Then, if a,=¢ and «a,==¢,

Q_ ol=T

AT N
LB ) (N+1)
€r .

€y

(9)

From this equation it is apparent that the heat-
transfer rate can be reduced by increasing the
number of foils or decreasing the emissivity of the
components.  Thus, the heat-absorption rate of a
surface y can be reduced considerably by placing
shadow shields or foils between it and the ad-
jacent component.

Insulation.—Another means of reducing the
heat transfer between components is to  use
insulation in this area. The best available
purely insulative muaterials have such a high
thermal conductivity that they are unattractive
on a welght basis compared with multiple reflective
surface materials for the protection of eryogenic
propellant tanks in the environment of space. It
was shown in reference 8 that the thermal condue-
tivity of insulation materials would have to be
lower by about two orders of magnitude (front
current low value of about 0.001 (Btu)(n.)/
thr)(sq IO(CF)) with no inerense in density before
insulations could compete with reflective surfaces
for use in long-duration thermal protection of eryo-
genie tanks in space. 1t is recognized, however,
that insulation may be used extensively both for
protection against acrodynamic heating and for
protection of nonervogenic-propellant tanks in
space.

METHODS OF REDUCING PROPELLANT HEAT ABSORPTION
DUE TO EXTERNAL HEAT SOURCES

The techniques of reducing propellant  heat
absorption due to internal heat sources were
restricted 1o those encountered in normal ground
installations.  When the propellant tank is as-
sumed to be in space, the external radiation
environment and concomitant methods of reduc-
ing propellant heat absorption differ in some
respeets from those previously discussed.  The
methods that will be discussed arve (1) using
coantings having a low absorptivity for the incident
radiation, (2) using reflective surfaces, and (3)
varying the orientation of the propellunt tank
with respeet to the incident radiation.

Coatings.- -If it s assumed, »s shown in sketch
(b), that flux Y} is incident upon an element of

641343

G2

Ju */*
)\1 14}1 } ag.<.a
‘(Aijn booer?

(b

surface area o1 having an absorptivity «, a solar
absorptivity ay, an emissivity ¢, and a teniper-
ature 7', then the net rate of heat transfer through
the surfuce is, in general,

(Q =a) —qgeTt (10)
‘1 R L
For the speeial cuse where 1 is direet solar flux
or planetary flux {due to albedo and planet tem-
perature), equation (10) becoines
-g) =ayY —oel'! (1)
A/, /
In general, if Y is from a body at a temperature
fess thun the melting point of common metals,
then a=c I ¥ is from the Sun, agse, and age
may be less than or greater than unity depending
on the composition of surface (1. For problems
involving storage of propellants near the Karth,
Y e 15 about 428 Btu/(hr)(sq It). In order to
minimize (Q,&l),,, a material or coating having
low oy and high e should be used. For silica
oxide on magnesiun, reference 15 gives ay=0.21
and  e=0.83.  Therefore, in order for the 719
term to be significant (say 1 pereent as large as
the ¥ term), 7 must be greater than about 160° R
(89° K). Thus, coatings for bare cryogenie
tanks should have mainly low values of ag, but
coatings for higher temperature surfaces (e.g., the
outermost surface of insulations) should have
not only a low value ol ag but also u high value of e.
It has been shown previously that the rate of
heat absorption by a surface in space subjected
to solar flux is strongly dependent uporn the values
ol solar absorpiivity and emissivity peculiar
to the surface. Some control of these properties
is possible through the use of coatings (paints,

oxides, metals, ete)). However, as shown in
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NN B[+

(et
€

When (o), (e/a), =1, the term { 1—{(a/e),(¢fa). [ 1/
[1— (afe),(e/a).] should be replaced by N Then,
by assuming that e,=e¢, and a,=e, equation
(13) becones

Q 7 asY —ae, T}

AT /1T N (14)
€ (~+—— 1 ) N+l
Ey €
which is identical to a relation presented (but not
derived) in reference 5. Thus, the net rate of heat
absorption of incident radiation )" by a cryogenie-
tank surface y can be reduced by increasing the
number of foils, decrcasing the emissivities of the
inner foils (e, &), decreasing the solar absorp-
tivity of the exposed outer surface (ay), and/or in-
¢reasing the emissivity of the outer surface (e,).
Appendix D gives equations that prediet the
rate of heat transfer when combinations of the
preceding shielding devices are utilized.
Orientation.——For any body in space, the
amount of heat absorbed from solar flux or plane-
tary flux depends on the area exposed to these
radiant heat sources.  The amount of solar heat
absorbed can be minimized by minimizing the
projected area exposed to the Sun. Thus, for
the vehicles shown in figure 1, the incident solar
flux will be minimized by alining the longitudinal
axis of the stage with the position veetor of the
stage relative to the Sun. At the extremely great
distances from the Sun of concern here, the solar
flux is nearly parallel.  Thus, the sides ol the
vehicle essentially will not “see” the Sun. For
space-vehicle operation in the vieinity of either
the Sun or a planet, the apparent flux is not
parallel.  Therefore, while vehicle orientation can
minimize the projected area, it cannot completely
eliminate the heating effect of this flux.
RESULTS AND DISCUSSION
Two space vehicles of current interest that use
crvogenie propellants are (1) the high-specifie-
impulse chemical rocket (with liquid hydrogen
as the fuel and liquid oxygen or liquid fluorine as

’ =[]« -
LGLT w

1

[0 4

L Ay
- "y
) :l €y —ae(,l v
x - - -

b0

an oxidizer), and (2) the nuclear rocket (with
liquid hydrogen as the fuel).  Schematic diagrams
of these vehicles are shown in figure 1. Hach

Paylood Oxidant Fuel Engine
(a)
Payload Fuel Nuclear Reactor
shield

(b)

(0) Typical chemical-rocket stage.
(b) Typical nuelear-rocket stage.

Frovre 1.~ Schematic diagrams of rocket stages.

vehicle has a pavload, a propellant (or propel-
lants), and an engine. It was assumed that the
eross-sectional arens of  the
circular and  that the propellant tanks were
evlindrical. It was also assumed that the pay-
load temperature was 520° R (290° K) and that
the propellants, hydrogen and oxygen, for example,
were slightly subeooled, having constant tem-
peratures of 30° and 140° R (17° and 78° K,
respectively.  Liquid oxygen was selected as the
chemical-rocket oxidant merely for purposes of
Fluorine could also have been used,
a8 its  storage  temperature and vaporization
characteristics are similar to those of oxygen.
With the basic components of these two vehicles
defined, it is now possible to examine the various
thermal-protection  techniques suggested in the
ANALYSIS. thermal-protection  tech-
niques are not limited to the vehicles chosen, but

components  were

discussion.,

These

are applicable for any space storage system.
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Fiauvre 2.
THERMAL PROTECTION AGAINST ON-BOARD HEATING

Arrangement and spacing of vehicle com-
ponents.—The basic arrangement and spacing of
the various components ol any vehicle utilizing
cryvogenic propellants ean have profound effects
upon the thermal-protection problem.  In figure 2,
the propellant heating rate is plotted against the
spacing ratio between various components for a
constant. value of absorptivity and  emissivity
(a=e=0.1)."  For this figure it was assumed that
there was heat transfer only between components
(l.e., there was no heat transfer through the sides
ol the eryogenic containers.)  The effectiveness
ol spacing in reducing heat transfer between coni-
ponents includes the external effect that the tank
ends are allowed to radiate to space.  Negative
heat-absorption rates indicated here and on other
figures in this report signifyv a net loss from a
particular surface. It is evident that the heating
rates vary widely, depending on the temperature
of the adjacent component. For example, the
heat-absorption rate of hydrogen when placed
next to a 520° R payload is 160 Btu/(day)(sq

b Absorptivities and emissivitics of the order of 0.1 ure typical of oxidized

aluminum, polished stainless steel, and smooth unpolished monel (refs, 14
ahed 19),

Effeet of arrangement and spacing of vehiele components on propellant heat-absorption rate (a-—=e—0.1).

{1), and when placed next to an oxvgen tank is
0.83 Btuj(day)(sq ft) (assuming 1/d=0.0001).
Assuwning //d=0.0001 between all components and
that the components are arranged in descending
order of temperature (top sketeh in fig. 2), the net
hydrogen heat-absorption rate is 0.83 Btu/(day)
(sq ft) (radiation from hydrogen to space is neg-
ligible compared with 0.83 Btu/(duy)(sq ft) from
oxygenj). The net oxygen heat-absorption rate
for this configuration (160 Btu/(day)(sq ft)) is a
result of heating on the payload end (160 Btu/
(day)(sq 1) and cooling on the hydrogen end
(0.83 Btu/(day)(sq ft)). By interchanging the
propellant tanks (lower sketeh in fig. 2), the hy-
drogen heat-absorption rate is 160 Btu/(day)(sq
ft), and the oxygen cooling rate is 0.83 Btu/(dav)
(sq ftj. The arrangement  of  com-
ponents depends not only on the magnitude of
these rates but alzo on the absolute size and shape
of the propellant tanks, the fluid configuration
within the tanks, and the effectiveness of other

optimum

protection  devices in reducing on-board flux.
Another point that should be emphasized here is
that the optimum arrangement of components

will also depend upon the mission profile (i.c.,
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the external heat sources and their temporal
variation will have some bearing on the arrange-
nent of components.)

[t is also apparent from figure 2 that the heat-
absorption rates can be decreased considerably by
increasing the spacing ratio. For example, the
heat-absorption rate of hydrogen due to heat
transfer from the payvload ean be reduced from 160
to 0.1 Btu/(dav)(sq ft) merely by inereasing
lid from 0.0001 to 8.6. Inereased spacing ratios
have the adverse effeet of increasing the structural
weight.

Shadow shielding.—Figure 3 demonstrates how
shadow shiclds may be used to reduce on-board
heat flux. In figure 3() the heat-absorption
ate of hvdrogen when placed adjacent to 2
520° R source of heat is plotted against the num-
ber of shadow shields between the tanks.  Several
alues of spacing ratio between adjacent surfaces
are shown. Emissivity and absorptivity are as-
sumed equal to 0.1, For this figure and for several
others throughout this report, curves are shown

e
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FIGUuRe 3.-

even though data are valid only for integer values
of reflective surfaces.  From the figure it s ap-
parent that shadow shields are capable of reducing
the heat transfer between tanks considerably.
For any given number of shadow shiclds, the heat-
absorption rate decreases with incereasing spacing
ratio //d. With extremely small //d, the angle
factor between adjacent shields approaches 1.
Thus, the shadow shield and foil equations should
he expected to yield nearly the same value.
Figure 3(a) shows this effect for small numbers of
shields.  For all values of 7/d, if a large enough
number of shadow shields is used, the hydrogen
heat-absorption rate eventually  becomes nega-
tive beenuse of radiation to space from the shield
and tank surfaces.  For example, if the {/d be-
tween adjacent surfaces is 0.01, the hydrogen
heat-absorption rate is negative for 14 or more
shadow shields spaced hetween the 520° R heat
source and the 30° R hydrogen.  Also, if the //d
is 1, the heat-absorption rate is negative even for
{wo shiclds between the components.

In figure 3(b), the propellant heat-absorption
rate is plotted against the number of shadow

1000 — T T e
DI I R A R R
. }l‘o"‘ Heat - ;‘
| {i- absorption |11
100 : ‘EE rate

Paosttive
—————— Negative

Hydrogen heat-absorption rate, Btu/{day}(sq ft end area)

== Sllrl:

——Fail —30em/ s200m Y T
0001 L 1 1] L LU o 1T
| o 100 1000

Number of shadow shietds or foils

(b) Effeet of number and emixzivity of shadow shields

(1id=0.1).

Shadow shields for reducing on-board heating effects.
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Frivre 3.—Coneluded.  Shadow shields for reducing
on-board heating effeets.,

shields for a range of emissivities using a constant
value of spacing rvatio 2/d of 0.1. Decreased
heat-ubsorption rates are obtained by decreasing
the emissivity or inereasing the number of shadow
shields, or both.

Figure 3(c) is included to show the effect of
hoth the number of shadow shields and the varia-
tion of shield emissivities from front to back sur-
faces on the hydrogen heat-absorption rate. In
cach case, the spacing ratio between reflective
surfaces was assumed to be 0.1. Emissivity and
absorptivity on a particular surface were assumed
to be equal (see ANALYSIS)., The ficure indi-
cates that decreases in emissivity on any surface
will result in lower heat-ubsorption rates. The
lowest absorption rates are obtained by using the

AERONAUTICS AND SPACE ADMINISTRATION

lowest value of absorptivity and emissivity on all
surfaces.  For figure 3(¢) it appears that decreas-
ing the value of e is more effective in reducing
the hydrogen heat-absorption rate than deereas-
g the value of ¢.  Data [rom references 14 and
19 indicate that the emissivity of aluminum can
conservatively be taken as 0.1, Optimistically,
emissivity values as low as 0.01 may be found for
certain silver or aluminum surfaces.

Foils.—By laminating alternate lavers of alumi-
num foil and glass-fiber paper (as deseribed in
ref. 20), heat-trunsfer characteristios are attainuble
that approximate those of foils. Laminated asseni-
blies of this type weigh only about 0.01 pound per
square foot per foil and contain about 30 foils
per inch of thickness.  Figure 4 shows the effect
of the number of foils on the hydrogen heat-
ubsorption rate due to heat transfer between hydro-
gen, oxygen, and a payload.  Emissivity levels of
1.0, 0.1, and 0.01 are shown (the 0.1 value vielding
heat-absorption rates conservatively approximat-
ing commercial foils, refs. 20 to 22). It was

10,000 =

1,000 |

100

T
/
'/

Propeliant heat-absorption rate, Btu/(day) (sq ft end area)

.0l
= kN
\°R vaporized f
o0l k£ ¢ .
= 30 Hydrogen 1
140 Oxygen ; HH
30 Hydrogen i . l : T 3
000 ST
i 100 1000

Number of foils

Fiouvre 4—Effeet of number and emissivity of foils in
reducing on-hoard heating.
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assumed  that emissivity and absorptivity are
equal.  Increasing the number of foils and deereas-
ing the foil emissivity both decrease the rate of
heat absorption. [t is apparent from the figure
{hat the heat-absorption rate due to placing hydro-
gen adjacent to a 520° R heat source is much larger
than the hyvdrogen heat-ubsorption rate due to
hydrogen and oxygen tanks being adjucent.  For
example, if a=e=0.1, and if 100 foils are used for
protection, the hydrogen heat-absorption rate due
to a 520° R pavload is about 1.6 Btu/(day)(sq ft),
while the hydrogen heat-absorption rate due to a
140° R oxvgen tank is only about 0.0082 Btu/(day)
(sq f1).

Comparison of methods.-—The cholce of a par-
ticular moethod of achieving acceptable boiloft
Josses due to on-hoard heat flux between compo-
nents is usually made on the basis of weight.
Several elements of this weight problem are the
weight of the protection device, the structural
weight penalty necessary to employ the protection
deviee, and the integrated weight of the propellant
boiloff for the complete mission. The weight of
individual shadow shields should be roughly the
same as the weight of individual foils; however,
additional structural-support weight will be re-
quired to span the gap between shadow shields.
Structural  weights for these applications are
greatly dependent on both the absolute weight of
the structure and the acceleration louds to which
the structure will be subjected. The weight of
these structures can vary from light inflatable
structures 1o the heavy structures found between
lower stages of multistage vehicles. Thus, the
structural weight problem must also be defined
for each particular application before a final opti-
mization of the thermal-protection system can
be made.

The hydrogen heat-absorption rate is plotted
against the spacing ratio between hyvdrogen and
an adjacent 520° R component in figure 5. For
spacing ratios greater than about 0.1, the heat-
absorption rate decreases rapidly with increas-
ing {/d.  Horizontal dashed lines are included in
the figure to facilitate a comparison between gaps
and foils for this intercomponent protection. If
it is assumed that Toil densities of 40 per inch are
availuble, then 100 foils would occupy only about
25 inches of thickness. This number ol foils
would supply the same protection as components
with no foils but separated by a gap of about

1000 =
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1 |
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s ] 1 e
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p e T
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-

T
.0l l \1\ { i
.000!1 .00! .01 A | 10
Spacing ratio between components, L/d

Comparison of gapsand foils for intercomponent
thermal protection (e =e={}1).

Ficureb.

2.3 diameters. With intercomponent structural
weights rather substantial compared with foil
weights of 7 pounds per cubic foot, the use of foils
would thus provide a lightweight, compact pro-
tection scheme for a heat-ubsorption rate of about
1.6 Btu/(day)(sq ft).

THERMAL PROTECTION AGAINST SOLAR HEATING

With fixed values of solar absorptivity and
emissivity of surfaces exposed to solar flux, there
remain several methods for reducing the heating
offect of solar flux. These nclude using shadow
shields, foils, and vehicle orientation with respect
to the solar flux.

Shadow shields.-The effeet of the number and
spacing of shadow shields on the heat-absorption
rate of hydrogen due to solar flux at the Earth’s
distanee from the Sun is shown in figure 6. Emis-
sivity and absorptivity were assumed equal 10 0.1,
It was also assumed that the shadow shields were
alined normal to the solar radiation.  The figure
shows that the heat-absorption rates can be
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decreased by inereasing the number of shadow
shields or by increasing the spacing ratio between
shields.*  For an extremely small spacing ratio
between  shields (£0.0001), the shadow-shield
and foil theories predict about the same absorption
rate as for 10 foils or less.  This figure also shows
that, for a given spacing ratio botween shields,
there is a number of shields beyvond which the
negative leat-absorption rate is essentially con-
stant.  Hydrogen heat-absorption rates with emis-
sivities and absorptivities from 0.01 to 1 are
plotted in figure 7 against the number of shadow
shields for u fixed spacing ratio between shields.
Either decreasing the shadow-shield emissivity or
increasing the number of shadow shields decreases
the heat-absorption rate. It is interesting  to
note that the absorption rates for a particular //d

2 The similarity between figs. 3(u) (shadow shiclds between components)
and 6 (shadow shiclds facing Sun) is due to the similarity of the heat-trunsfer
models.  Fig, 3ca) woulid result for o syvstem of shadow shields facing the
Sun il the temperature of the Sun shiehl were 5200 R,
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Effeet of number and cmissivity of shadow
shields on hyvdrogen heat-absorption rate due to solar
flux (fid-0.1).

can be deereased by one to three orders of magni-
tude by deercasing the emissivity one order of
magnitude.  For example, the absorption rate
using four shields with a=e=1 is approximately
540 Btu/(day)(sq 1), but the absorption rate for
four shields with a=e=0.1 is only about 0.1
Btu/(day) (sq 11).

A possible shadow-shield structure would con-
sist of rings supporting the edges of each shadow
shield.  Longitudinal members hetween compo-
nents would support these rings and act as load-
carrying members,

Foils. —The effectiveness of using foils for pro-
tection against solar heating is shown in figure 8.
The heat-absorption rate for a hydrogen-tank end
surface exposed to solar radiation at the Earth’s
distance from the Sun is shown against the number
of foils for constant values of ennssivity.,  Emis-
sivity and absorptivity were assumed to be equal.
The absorption rate can be decreased by either
decreasing the foil emissivity or inereasing the
number of foils.
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Vehicle orientation.—One of the most obvious
methods of proteeting a eryogenic-tank surface
from heating by solar radiation is to orient the
stage so that one portion of the stage is used to
cast a shadow on the ervogenic-tank surlaces.
An attitude control system would be required to
provide for proper orientation ol the vehicele
throughout the mission.  However, an orientation
system would probably be required anyway for
such functions as attitude control of the vehicle
prior to making propulsive mancuvers.

Comparison of methods. - Figure 9 compares
shadow shiclds and foils for protecting a hydrogen
tank from direct solar radiation at the Earth’s
distance from the Sun assuming
Hydrogen heat-absorption rate 1s plotted against
the thickness occupied by the protection device.
A specific tank diameter has been chosen for the
shadow-shield data, because the vaporization rate
is dependent upon the angle factor between ad-
jacent shields, which is a function of both the
spacing between shields and the shield diameter.
For a given thickness, ten shadow shields provide
ates than one shadow

a=¢e=0.1.

much lower absorption
shield. For thicknesses between 0.005 and 0.9
foot, the foils provide even lower absorption rates

G31545—62 3

1000
R IRERREHEE [T
¢ 7~One shadow shield :
| I
/5 4 v “ o
L 34
° ‘PL
© 1 ' ‘ : -
[ =4 H
: | i ‘
100 WS
o : i l
2 . NN
B S| ;.+7Ten shadow shields | |;
s ™N ey o
3 . I |
o ‘ N
. ‘ ‘ | ‘ L
& i0 : ; -
e =1 Foils, 40/in.-~* :
g EENEE
-— 1 + + b —
o
)
L Shadow shield~
'é Sun /:/” i ;
Pors (e
S . . .11
4 a3 R
e i
: L
Sun s e
“Foils ‘i
| [ oLl
001 .0l |

Thickness, 7, ft ’

Travre O-—Comparison of proteetion deviees against xolar
heating on a thickness basis (a==e=0.1).

than the ten shadow shields. For a given value
of the abscissa parameter the foil curve is inde-
pendent of tank diameter, whereas the shadow-
shield curves would move upward for diameters
greater than 10 feet and move downward for
diameters less than 10 feet. A weight comparison
between the foils and shadow shields would again
be difficult, because the weight optimization
would involve the thermal-protection system, the
structural-weight penalty of this system, and the
propellant boiloff.

THERMAL PROTECTION AGAINST PLANETARY HEATING

Shadow shields.—-Figure 10 shows a cylindrical
cryogenic tank at low altitude above a planet
surface, with the longitudinal axis of the tank
alined along the Sun-planet line.  Radiation from
the planet received by the tank end and side
surfaces occupies a large solid angle. That 1s,
the angle factors for planetary radiation are large
at low altitudes.  To intercept even the planctary
radiation reaching the tank end with a single
shadow shield or several shadow shiclds would
require prohibitively large shiclds, as shown in the
figure, unless the shiclds are placed very close to
the end of the tank. In order to shadow a locally
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Frorre 10 Effeets of planetary and solar flux on

planctary shadow shields.

horizontal tank surface completely from planetary
radiation, the shadow shields must occupy the
same solid angle as the planet. The solid angle
oceupied by a planet increases as the distanee from
the planet decreases and appronches 2r steradinns
at the planet surface. Thus, the size of the
shadow shield would become prohibitive at low
altitudes.  Small-diumeter shadow shields would
provide essentially no protection for the sides
of the eryogenic tank. The Sun side of large-
dinmeter planetary shadow shields would be a good
reflector of solar radiation.  In fact, the effect of
reflected solar flux incident on the tank end and
side surfaces might even be larger than direct
planetary flux on these tank sarfaces.

The effectiveness of a simple system of double
shadow shields (with diam. equal to the propellant-
tunk diam.) in reducing the hydrogen heat-
uhsorption rate of the tank end due to planetary
radiation is shown in figure 11.  Again, the stage
is assumed to be oriented with its longitudinal
axis alined along the Sun-Earth line. In this
position solar flux is not directly incident upon
either the tank sides or the tank end facing the

planet.  However, solar flux is reflected from the

ALRONAUTICS
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planet surface onto both the tank end and tank
For figure 11 the emissivity and absorp-
Figure 11(a)
shows the shadow-shicld spacing ratio that mini-

sides,
tivity are assumed equal to 0.1,

mizes the hydrogen heat-absorption rate plotted
against the ratio of altitude above Earth's surface
to Earth’s radius.
rapidly for decreasing abseissa values of Tess than
Lo At a value of (altitude/planct radius) of 0.1,
the heat-absorption rate is minimized with the
stiall =pacing ratio of about 0.00001 (which cor-
respotds to a spaeing between 10-ft-dinm. shields
of 0.0012 ). The heat-absorption rates that
correspond to these spacing ratios are shown in
figure 11(h).  For relference, the upper curve
shows the absorption rate for two closely spaced
foils.  As might be expected from the theory, the
shadow-shiekd and foil curves approach cach other
when the optimum spacing between shadow shields
is extremely small (at low altitudes),

In order to compare the nagnitude of the heat-
absorption problem in the vieinity of plancts
other than Earth, figure 12 is included.  For this
figure it was arbitrarily assumed that the spacing
ratio {{d bhetween adjacent shadow shields was 0.1

These spacing ratios decrease

and that enissivity and absorptivity were also
equal to 0.1, Heat transfer only on the end of the
tank facing the planet was assumed.  The hydro-
gen heat-absorption rate is shown against the ratio
of altitude above the planet surface to planet
radius for Venus, Earth, and Mars, Venus,
Earth, and Mars rank highest to lowest in that
order, comparing the heat-absorption rates at a
constaut value of the ratio of altitude to planet
radius.  For low altitude ratios, the absorption
rates are of the order of 700 to 140 Btu/(day)
(s¢ ft end area), which are prohibitively high for
most applications.

Foils.. —The effectiveness of foil materials in
reducing the hydrogen heat-absorption rate due
to planetary heating can be substantial, as shown
in figure 13. It was assumed for this figure that
the absorption rates are due only to the heat
transfer through the surfuce specified and that the
stage is alined on the Sun-Earth axis as in the
sketch.  Foils are assumed to cover completely
the tank sides and tank end facing the Earth.
Hydrogen heat-absorption rate is shown against
the number of foils for a=e=1, 0.1, and 0.01.
Also shown for reference are absorption rafes

with no foils on the tank. Either increasing the
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Freure 11,

number of foils or deercasing the foil emissivity
decreases  the hydrogen heat-ubsorption  rate.
Absorption rates on the tank sides are less than
those on the tank end, because the verti -l angle
fuctor is less than the horizontal angle factor for
a particular altitude.  However, foils would still
be required on the tank sides to achieve low
absorption rates.

Combinations of shadow shields and foils.—
Figure 14 shows the hydrogen heat-absorption
rate against the number of foils (foils immediately
adjacent to the tank end) behind a system of two
shadow shields for a tank end facing the Earth
and Tocated on the Sun-Earth axis at an altitude
2bove the Barth’s surface of 0.1 Earth radius.
A shadow-shield spacing ratio of 0.1 was used.
Emissivity and absorptivity were assuned equal
to 1, 0.1, and 0.01. Decreasing emissitivity and
increasing the number of foils both decreased the
heat-absorption rate.  For relerence, a curve of
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(b) Hydrogen heat-absorption rate corresponding to
optimum shadow-shield spacing.

Shadow shields for reducing heating effeet of Farth flux on hydrogen-tank end (a==e=0.1).

absorption rate for a configuration with foils but
o shadow shiclds and with a=e=0.11s included.
Because the altitude is relatively low and the angle
factor for the planet is relatively high, this con-
figuration (with no shadow shields) provides heat-
absorption rates that ave alimost as low as the
contpurable  configuration with shadow shiclds.
Also included for reference ave horizontal dashed
lines for configurations with no foils (i.e., two
shadow shiclds only).  From the figure it appears
that the benefits derived  from widelv spaced
planetary shadow shields [or protection of tank
surfaces for low-altitude planet approaches are
generally  small. By augmenting  the shadow
shields with foils, lower heat-absorption rates are
possible; however, foils alone give practically the
same heat-absorption rates.

Trajectory variables.——Thus far, the methods of
protecting a ervogenic-tank surface from external
heating have ineluded using shadow shields, loils,
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Fravne 120 ~Effect of altitude above several planets on
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combinations of these, orientation, and special
coating materials.  One other factor that should
be included  here s trajectory  considerations,
sinee the total heat absorbed on any mission will
be the integral of the heat-absorption rate with
respect to time. These trajectory effects are
considered in detail in reference .

As mentioned previously, the heat-ahsorption
rate due to planetary heating is a strong function
of the altitude above the planet. I small heat-
absorption rates are desived  while orbiting a
planet, then the vehicle must operate at high
altitudes. One means  of having low-altitude
capabilities and  small heat-absorption rates is
to utilize elliptic orbits.  Here the high  heat-
absorption rates are encountered onlyv for short
time periods, and thus the total heat absorbed per
orbit will be much less than the heat absorbed for
a low-altitude circular orbit.

Likewise, the escape and entry trajectories are
also important in the overall storage problem.
Vehicles with  low thrust-to-weight ratios will
absorb more heat (upon escaping or entering o
planet orbit) than will vehicles with high thrust-to-
weight ratios.  However, as shown in reference 8

>
b

for thrust-to-weight ratios greater than about
0.01, escape and entry heat absorption is generally
negligible.  Most chemical and nuelear rockets
have thrust-to-weight ratios greater than 0.1,
Comparison of methods. -The cffectiveness of
the various thermal-protection techniques  for
reducing the rate of absorption of flux is shown
in figure 15, The hydrogen  heat-absorption
rates for the end of a ervogenic tank protected
by cither shadow shields, or foils, or shadow
shields with foils, are plotted against the ratio of
altitude Earth 1o Earth
absorptivity and emissivity were assumed equal
to 0.1. Tt is apparent that the shadow shields
are relutively ineffective at low altitudes; however,
at high altitudes where the planet flux is more
nearly parallel (and almost insignificant in mag-
nitude), the shadow shields are more effective.
Augmentation of these shadow shiclds with foils
lowers the heat-ubsorption rate by a factor of
about 10, However, at high altitudes, practically
the same absorption rates ean be obtained with

ahove radius.  The
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Frovre 13.—Effeet of number and emissivity of foils on
hydrogen heat-absorption rate due to planetary flux.
Ratio of altitude above Farth 1o Farth radius, 0.1,
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double shadow shields on hydrogen heat-absorption rate
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foils wlone.  "Thus, it appears that an attractive
method of reducing the effect ol planetary heating
is to employ foils on all surfaces, since the addi-
tional advantage of using shadow shields is rela-
tively small.  Below altitudes of about 2.2 Karth
radii, the ten foils are at least an order of magni-
tude more effective than two shadow shiclds.
At 14 Earth radii, the two are equivalent. A
possible disadvantage of planetary shadow shields
is that they will require a continuous orientition
toward the planet, thus allowing the cryvogenic-
tank surfuces to be exposed to direct solar flux.

Any other shadow-shielding system considered
herein will lose its efficiency as a planet is ap-
proached.  For example, an internal  shadow-
shielding system that is sufficient in space will

{
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Frovre 15.- —Effeetiveness of various deviees for reducing
effeet of planetary heating («=e =0.1).

probably be insufficient near a planet where the
external heating can affect it. Again, 1t should
be emphasized that the mission plays a major
role in determining the protection system. [f
only a short time is to be spent near a planet, the
shadow-shiclding svstems will no doubt suffice.
However, Tor long parking times in orbit, widely
spaced shadow-shielding systems will have to be
either replaced by an alternative shielding system
or augmented with foils. The choiee of a com-
plete thermal-protection system will ultimately
be based on the minimum pavload weight penalty.

DESIGN OF A TYPICAL THERMAL-PROTECTION SYSTEM

Thus far, the methods of thermally proteeting
a ervogenic tank have, in general, been treated
by considering an isolated portion of the tank
subjected to a constant internal or external flux.
The purpose of this section is to integrate these
findings and demonstrate a method of minimizing
the pavload weight penalty of a complete protec-
tion system for a particular space vehicle and for
Al ervogenic-tank  surfaces

specific missions.
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will be considered, and a variety ol heating
envirvonments . will - prevail. The  vehicle  used
will be o hydrogen-oxvgen terminal stage. A
terminal stage has been seleeted beeause it usually
ts exposed to the most severe heating environment.

The stage assumed has the hydrogen and oxygen
stored in 10-foot-diameter evlindrical tanks at
307 and 140° R, respectively.  The hydrogen
and oxygen tanks are 10 and 3.5 feet long,
respectively,

Two missions have been selected : (1) a 179-
day one-way trip, which uses its terminal slage
propellants to place a payload in orbit about
Mars, and (2) o 378-day round trip to Mars,
which includes 20 days spent in a 1000-statute-
mile eircular orbit about Mars.  For the round
teip it is assumed that, after the 20-day waiting
period, the terminal-stage propellants are used to
put the pavload on u const trajectory for return
to Larth,

It is assumed that the stage components are
arranged in the following order: pavload, oxygen
tank, hydrogen tank, and engine.
6 to 9 it was concluded that exposure of a
ervogenic-tank surface to direct solar flux was im-
practical. By orienting  the stage  with  the
payload pointed at the Sun, the heating effect of
solar flux was avoided,

From figures

With the stage oriented so that the payload
faces the Sun, the thvmml-pmlo('ti(m-s_\'stmn
design will be based on the effeets of other external
radiation and the radiation between components.

IT it is assumed that the payvload weight of the
terminal stage is to be maximized, a relation
between  payload  weight, boiloff weight, and
thermal-protection  weight can he
The stage gross weight is

developed.

W =W+, W+ W41,

where T, is the propellant vented overboard as
a vapor because of heat absorption by the pro-
pellant tanks (not a part of 1), If the material
used for thermal protection is not jettisoned before
the propellants are burned, then

. I . ..
Wo=(1= ) U1

The structure weight ean be approximated as
follows:

AERONAUTICS AND SPACE ADMINISTRATION

c o Tnae W 2000 Fo
u_‘.[*llg[_n.n,\ W +0.02 (,H;—H',,,,")]

where 0.08 (W,,-~W,,) and 002 F are repre-
sentative values for the tankage structure wereht
and the thrust sensitive  weight, respectively.
The uncertainty of the coeflicient 0.02 is such that
this expression can he written with equal accuracy
as

T LU 5 I
H.ur—-llg[().()(\ i +0.02 i

IT these expressions for propellant and structural
weight are substituted in the original expression
for gross weight, the resultant expression is

. s f LOST
‘ llp{ F”Ip’f‘ll /lrl((/Ap,f]é)
Vew oo - B

Ox —0.05  0.02 l

Aeilg .
eeTE W,

or, in a more convenient form,

. /108 ‘ " . 108
W, —I, (;M—ﬁé—n.()b—m)z T )W h,,(’/“‘,,,;)
where F/W, is the thrust-to-gross-weight ratio.
From this final expression for W, it is apparent
that, for fixed values of 17, An, I, and F/W,,
the payvload weight is

W, const .;[W,,,;f W, (! A(”}g)]

Thus, in order to maximize the payload weight,
it will be necessary 1o minimize the sum of the
thermal-protection weight and  1.08/e37¢ (ines
the boiloff weight.  For the Mars trips being con-
stdered, a terminal-stage Av of 3.35 miles per second
and a value of 0.5 for £/W, wore assumed. A value
of 425 seconds was assunmed to be a representative
value of specific impulse for this hydrogen-oxygen
stage.

Propellant boilofl has been shown in figures 2
to 15 to be strongly dependent on the radiation
environment and the thermal-protection devices
used. Furthermore, the radiation environment,
will ordinarily change as the mission progresses.
Additional assumptions will be introduced as the
one-way and round-trip payload weights are being
maximized.

Mars one-way trip.—It was stated previously
that the payload was pointed at the Sun. Becguse
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the thrust-to-weight ratio was large (0.5), the
effects of Earth and Mars radiation (during the
escape trajectory [rom Karth and during the
Mars entry trajectory) were negligible.  Thus,
the only remaining modes of radiation alfecting
boilofl were the radiation between components of
the vehicle and radiation from the propellants
to space. Because hydrogen has a heat of vapor-
ization more than twice that of oxygen, it is de-
sirable to vaporize hydrogen instoad ol oxygen.
This ignores the opposing (but negligible in this
case) cffect of greater hydrogen tank weight
because oxygen is more dense than hydrogen.
Figure 16 shows the effect of variation of the
number of intercomponent foils on the payload
weight penalty (defined as W, (108 ex 1W,).

1000

! I ! 0z ca=e=0.9
Hp 30°R . 140°R- :  520°R.

I 0D
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foils (a=e=0.1) ~

.

No net Op cocling
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¢] 2 4 6 8 10
Number of intercomponent foils

Fravre 16.—Variation of payvioad weight penalty with
number of foils between components.

Tt was assumed that all foils have a=e=0.1
(refs. 20 to 22), and that the oxygen-t ank side has
a=—¢e=0.9, The weights ol the stage were as
follows: W,=30,287 pounds (13,738 kg), W=
21,970 pounds (9965 k), W,=2060 pounds
934 k). Because the tank sides received no
radiation from the Sun and negligible radiation
from the planets and space, it was possible to use
the tank sides (and engine end of the hydrogen
tank) to reject excess heat to space. The eniis-
sivity of these surfaces was chosen as 0.9. For all
other surfaces it was desirable to have the lowest
acceplable value of emissivity (0.1). Foil weights
were based on (1) foil weight of 0.01 pound per
square foot of foil (ref. 20), and (2) foil support
weight of 0.03 pound per foil based on a 10-foot-
diameter area and a foil density of 50 foils perinch.
As shown in figure 16, the optimum numbers of
foils between the payload and the oxygen tank and
between the hvdrogen and oxygen tanks were 7
and 4, respectively.  The total payload weight
penalty for this stage is only about 10 pounds.
This is only about 0.16 percent of the $245-pound
(2833 kg) payload weight of the stage.

The payloud weight penalty of this stage due to
thermal radiation is extremely small. Thus, heat
transfer by some other mode (conduction through
the structure, e.g.) could easily have a larger effect
on payload weight than propellant heating by
radiation. With the almost negligible weight
penalty due to the small number of loils, it is not
necessary to resort to isolated shadow-shield sys-
tems as shown in figure 3 to reduce further the
Jate of heat transfer from the payload to the
oxygen tank

Mars round trip. -Tt was shown previously that
the payload weight penalty due to thermal radia-
tion for a 179-day one-way trip to Mars is essen-
tially negligible.  Also, figures 10 to 15 show that
thermal-radiation effeets in the vieinity of a planet
an be several orders of magnitude larger than
radintion effects in interplanctary space. Thus,
for the round trip suggested, which included orbit-
ing Mars for 20 days in a 1000-mile circular orbit,
it should be anticipated that the pavload weight
penalty due to thermal radintion will be much
larger than the penalty for the one-way trip.

In optimizing the thermal-protection system for
the round trip, the following assumptions were
made:

(1) The thermal-protection system had fixed
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clements d.e., no variable-geometry devices
considered).

were

(2) Forall coast phases of the trip, the payvload
was pointed at the Sun.

(3) To prevent freezing of the propellunts, no
net heat loss was allowed for cither the hydrogen
or oxygen for any part of the trip.

() Il a choice existed, hydrogen hoiloff was
used instead of oxygen boilofl to conserve weight.

(5) Propellant hoiloff was assumed to oceur at
1 atmosphere. The magnitude of propellant boil-
off was ealeulated by dividing the heat input by
the heat of vaporization at I atmosphere.

(6) For all surfaces the emissivity
tivity were equal. Values
range 0.1 to 0.9,

(7) The stalled weight of foils was the same
as mentioned in the previous example.

(8) The Mars parking orbit was circular at an
altitude of 1000 statute miles and contained the
Sun-Mars axis.

(M) The stage veloeily inerement was 3.35 miles
per second.

(10) The speecifiec impulse was 425 seconds.

The heat-absorption rates for the end of the
hydrogen tank and the sides of the oxygen ‘m(l
hydrogen tanks, all protected by ten foils (a==e=
0.1), are shown in figure 17 against angular posi-
tiont of the stage with respect to the Sun-Mars
axis. Two factors that affect these curves pro-
foundly are the variation of planetary flux with
angular position around the planet and the varia-
tion of angle factors with angular position. The
planetary flux varies with the temperature of the
planet and also with the planet's albedo.  Because
the planet’s temperature and albedo are not pre-
cisely known for various positions around the
planet (and probably vary from duy to day at
fixed position, anyway), the phnwtmv flux ¢ mnm
be predicted with great precision.

and absorp-
were himited to the

Two positions
where the flux and consequently the absorption
rate may be easily estinated are the 0° (full day-
light) and 180° (midnight) positions.  For figure
17, the 90° and 270° values were obtained by tak-
ing the arithmetic mean value between those com-
puted assuming a (ully sunlit planct and a fully
darkened planet. The flux between these points
was assuined o vary according to a sine relation,
the result of which is shown in figure 17. 1101'
simplicity, it was assumed that the angle [actors
were between either Tully sunlit or fully shadowed

AERONAUTICS AND

SPACE ADMINISTRATION

planet surfaces and cither locallv horizontal
vertieal tank surfaces.

By integrating the curves of figure 17, the aver-
age heat-absorption rates for a complete orbit are
obtained.  However, there is no reason to believe
that the arbitrarily ussumvd number of foils {(10)
is also the optimum number of foils.
no particular difficulty in the optimization process,
because (from eq. (14) in the ANALYSIS) it can
be seen that, if it is assunted that ax e, e, ¢,
then the absorption rate on these external surfaces
tmust be proportional to ¢/ [N(2—e)+1).

By using the preceding assumptions, it was pos-
sible to minimize the payload weight penalty.
The results of this optimization process are shown
in the following sketeh of the terminal stage:

This presents

Five foils, 0.0

Six foils, ¢=0.1- /

Payload ~

"Eight foils, € = 0.1
No foils, €= 0.160- ]
97 foils, €=0.1"

te)

The number and emissivity of the loil surfaces are
indicated. A higher value of emissivity between
the oxygen and hydrogen tanks would have re-
sulted in freezing of the oxygen during the 179- day
coust [rom l:ulll to Mars.  The foils and their
supports weigh 110 pounds (50 kg).  During the
179-day phase of the trip, 99 pounds of hydrogen
and no oxygen are vaporized and vented. During
the 20 days in the Mars orbit, 100 pounds of
hydrogen and 57 pounds of oxygen are vaporized
and vented.  The total propellant  boilofl s
therefore 256 pounds (116 kg).  Thus, the pay-
load weight penalty

1009, 1.08
o (]

15 only about 3 pereent. Other weights are as
follows: net payload, 6108 pounds (2770 kgy;
gross, 30,526 pounds (13,841 kg); structure, 2083
pounds (945 kg); and propellants, 21,970 poun(ls
(9965 ke).
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Frevre  17.-—Variation of heat-absorption rate  with

angular position for stage in eircular orbit 1000 statute
miles above Mars surface.  Ten foils on hydrogen- and

oxygen-tank sides and on hydrogen-tank end (o=e—0.1).

Solar alinement.-—For both the one-way and
round trips, it was assumed that the payload was
perfectly alined with the Sun.  With other than
perfeet alinement of the vehicle axis, direct solar
flux would be incident upon the cryvogenic-tank
sides.  This would produce propellant losses and
degradation of the velocity-inerement potential of
the stage. A detailed treatment of the effect of
tank alinement with respect to the Sun on hoiloff
Josses is presented in reference 5. The magnitude
of these hoiloff losses is shown in figure 18 for both
the one-wayv and round-trip configurations.  Inte-
grated boiloff losses are shown for the 179-duy
phase of the trips against the angle of misaline-
ment with respeet to the Sun.  For misalinement
angles greater than about 2.2°, both the hydrogen
and oxyvgen losses exceed ]()(] pounds using the
round-trip stage.  Beeause the one-way-trip stage
has no foils on the tank sides and instead uses
highly absorptive surfaces, its losses are about 100
times greater than for the round-trip stage.  As
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| capacity
i i
. !
10,000 ——+— ; ?
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" — 1y 1 +
3 ' i
- - e g Round-trip |
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Solar misalinement angle, y, deg

Froure 18, Effect of stage misalinement angle  with

respeet to local solar flux on propellant loss for one-way

and round-trip configurations.
shown previously, these losses ave proportional
to ¢/[N2—e+1].

It would be possible to include the effect of
solar misalinement in the payload weight optimi-
zation. An obvious passive method of eliminating
propellant boiloff due to solar misalinement is to
construct the stage in the form ol a cone (inste: ad
of evlinder), as shown in sketeh (f). Solar mis-
alinement angles as large as 8/2 could be tolerated
with no propellant loss due to solar flux.

Paylood

EUEID o

Engine

CONCLUDING REMARKS

The analvtical techniques developed in this
report provide the buasic information required to
design thermal-protection systems for propellant
taiiks subjected to the thermal-radiation environ-
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ment of space.  The application of these theoret-
ical relations has been demonstrated for ervogenie-
propellant tanks.  However, the methods used
herein are equally applicable whether ervogenie
or nonervogenie propellants are considered.

Thermal-protection systems have been discussed
in detail.  The optimum method of providing
thermal protection for crvogenic propellants is
strongly  dependent upon  the magnitude and
duration of the thermal environment encountered
during the mission,

Shadow shields and foils ean greatly reduce the
heating of propellants due to both internal and
external  thermal  radiation.  For low-altitude
planetary orbits, loils appear to be desirable for
all eryogenie-tank surfaces exposed to planetary
or solar radiation,

AERONAUTICS AND SPACE ADMINISTRATION

The  proper orientation of a  space-vehicle
eryvogenie tank with respect to the Sun is one of
the most beneficial methods of reducing the
heating effect of solar flux.

Tt is recognized that several other factors, such
as aerodynamic heuting during the boost trajec-
tory,  weightless  fluid-dynamiec  phenomena,
meteoroid penetrations (ref. 23), effeet of meteor-
oids on reflective surfuces (rel. 24), materials
problems (ref. 25), and nuclear-radiation heating,
may have an important effect on the choice of a

thermal-protection system.

Lewis ReskarcH (CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
CLEVELAND, Onro, August 3, 1961
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APPENDIX A

SYMBOLS
cross-sectional area, sq [t p radius, statute miles
albedo=1—cmissivity ==refleetivity Stefan-Boltzmann constant, 1.713>107"
diameter, t Btu/(sq M) (hr)(°RY
thrust Subseripts:
angle factor a civeular portion of shield shaded by
acceeleration due to gravity at Karth’s adjacent tank or shield
surlace, {t/sec? B all surlaces facing inward to propelant
altitude, statute miles tank
specifie impulse, see b aunular portion of shield not shaded by
apparent mean thermal conductivity of adjucent tank or shield
insulation, (Btu)(in.)/(sq {t)(hr)(°R) bo boilofl
distanee between radiation shields, ft I all surfuces facing outward from  pro-
number of radiation shiclds pellant tank
heat-transfer rate, Btu/hr o ETOSS
radius, ft mar maxinuin
temperature, °R N net
thickness of insulation, in. 0 reflective surface upon which external
stage veloeity nerement, [tfsee radiation is incident
weight, 1h I relative to planet, or planet
any surfaces or tank surfaces pl pavload
externnl heat flux, incident upon bare S Sun or solar
tank  or tank protection system, S.P Sun o planet
Btu/(sq ft)(hr) N relative to space, or space
==1 on Sun side of planet; =0 on dark structure
side of plunet ol {otal
total hemispherical absorptivity tp thermal proteetion
total hemispherical absorptivity of u sur- .
face for solar radiation " llS('h.ll propellant
see eq. (2) r vertical
total hemispherieal emissivity s adjacent tank
total hemispherical emissivity of outer- ¥ tank for which heat-absorption calcula-

most surface at surface temperature

tions are being made

23



APPENDIX B

ANGLE FACTORS

The angle factor f,, is defined as the [raction
of radiant energy leaving surface .1, that is di-
rectly intercepted by surface .1, Assuming diffuse
radiation and the cosine law of Lambert, A fiais

.1,_/1._.77.111 [] (S e )(1 Ay dity -y

T

This
The angle
factors presented herein are based on the pre-
ceding assumptions.

where the geonietry s defined by sketeh (g).
relation was derived in reference 26.

-d4, = Element of area on
hemisphere of radius -

Normol to dA4,

Normal 1o dA, -

()
DIRECTLY OPPOSED PARALLEL DISKS

The angle fﬁ('im f
disks (based on ref. 2

AL

where

or directly opposed parallel
7

) (sketeh (h)) is
(H{ ﬂ’) _4(:‘:?)](1;1‘)

A‘ll:‘ﬂ'l'f

Ay=mr?
and
Sy =f2 14,
If ry=r,, equation (B1) becomes identical to an
independently derived angle factor for the same
example (eq. (A3)) in reference 18,
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DIRECTLY OPPOSED PARALLEL ANNULI

The angle factor for direetly opposed purallel
annuli (also based on ref. 27) (sketch (1)) 1s

O ()
Y ()] 20

. 1
Sea= .)”_; »>[ V(73 ‘1Lrs+[) — )"s”)

(B2b)

where

4'11:7”'?
Ay=r(ri—r})

4"13: ’II']'E;3

A= (ri—ri)
4, =111,
f2,4Az:f4.2A4
and r; may be zero.

}
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;‘,2
1
14
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HORIZONTAL SURFACE AND SPHERICAL PLANET
The angle factor between a locally horizontal
surface and either a spherical planct or a flat
plate subtending the same apparent solid angle
as a planet (sketeh () is
1 2

L h
pr

2= (B:3)

- :_/.m, r

This relation and the one that follows are pre-
sented in reference 3. In reference 28 they are
verified and presented in a more general manner.

r Horizontal surface

Flot- plote
equivalent of
a planet N

Plonet

VERTICAL SURFACE AND SPHERICAL PLANET

The angle factor between a loeally vertical sur-
face and either a spherical planet or a flat plate
subtending the same apparent solid angle as a
planet (sketeh (k) is

pr / } ?5,01'
1 lr ppih (71>\J I+ h .l

tan~'f o, - = —=, =)
[14.2er
\ h
(B4)
MULTIPLE HORIZONTAL SURFACES AND PLANET

The angle factor between a eireular, flat, locally
horizontal shield and a planet when separated by
another shield is shown in sketeh (). 1t has been
assumed that the diameters of hoth horizontal
surfaces are equal (dy=d;) and that the centers of
the eircular shields are on a planet radius.  As
previously, the flat-plate equivalent of the planet

is assuined.

Verticel surfoce

Flot-plate equivolent
of a planet

g

Planet

(k)

The angle factor between shield 2 and a planet
is defined as

Sur p=Tri » (fn lj.i”/?’@ )
NERIL

(B5)

E_[:n. Iz

where fr s the angle factor between a horizontal
plate and a planet (given previously in this
appendix); fu,, s the angle factor between the
annular area & on shicld 2 and shield 1, which ean
also be ealeulated with the equations previously
given in this appendix; and fiy 1p 1s the angle factor
between the annular area b on shield 2 and the

projected aren of the planet on surface 1.

o

KA d, p -
‘\'-4 dl -— ” /
—t————————
g , would be diom /. /-Shied |
of shield | if it sub- \ [ ’
tended same solid 2,97 Shield 2
—
angle os plonet when — v ";~
viewed from shield 2 4 '
- dp . g =0,
(0



APPENDIX C

GENERAL METHOD OF CALCULATING THERMAL RADIATION BETWEEN ADJACENT SURFACES

The general model used to enleulate the exchange
of thermal radiation between adjacent reflective
surfaces {(assuming radiation equilibrium, uniform
temperatures, and emissivities and absorptivities
independent  of temperature) is as shown in
sketeh (m).

This sketeh  demonstrates the exchange of
radiation between two surfaces.  The radiant heat
emitted by surfuce r, in the direction of y only, is
considered for simplicity.  Radiative heat emitted
from surfuce y in the divection of » would follow
the same pattern ol absorptions and reflections.
Diffuse radintion and the cosine law of Lambert
were assumed to apply.

Tracing the radiation exchange between these
two surfaces shows that (1) radiant heat is emitted
from surface » because of its temperature, (2) a
portion of the radiant heat that leaves surface r is

by surface », and (3) a portion is reflected.  This
series of absorptions and reflections continues on
and on.

The total umount of radiant heat that eventually
reaches surface y (beeause of radiation originating
from surface ) is

' ey g - ; N
(‘):‘751“1:1 },x .l/aul 1 +‘/~1‘y_/u.:(‘] —aQy) (.] *au)
+_/£,u/i,r(l —a)*(1 —a,)?
Foo =) (1 )]

For 0<n< o,
Q=06 A, T4 [0, 3 [y Foa (1 — ) (1—a) |
n=\

But the angle factors must be <1, und absorptivi-
ties must be <1; therelore, f,,f, (1 —a,)(l—a,)

. . . o . 1, and the infinite series converees.  Thus
absorbed by surface y, (3) a portion of this radiant <L e o
heat that reaches surface y is reflected, (4) a () oe T3 f, 0,
portion of this reflected radiant heat is absorbed A —foy Sy U —a) (1 —a,)
; ; sEsns A Y A, AT /1 x
Y T
@] @ ® | ®| 4.
Ty Ay 714 I '
\
4
(oex ATy Yo,y ’y,r(*‘“y)ax I ("‘1417:\'4)/1?)' ,y%x(l‘ux)z("“y)z
(3‘1417}‘;)&,] fyx (1=ay)(1-ay)
a4
e Ty K2 -an) (1~ a))% o,
(o ex ATt 42y 1y, (1= ag)(1-a )2
4
loerdy Ty Vx?y {y,x(|“°~)(|‘“y)°y I
("‘1“17:\'4) fx,y(l —ay) ] (‘7‘11’17}4)4’3’ fyz_x( 1‘51)2 ( I-ay )zuy
. ! |
(o ey Ay 7y Vi, y % i |
® ®! ® ®! ® Sy

T l =Absorbed or emitted radiation
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Similarly, the total amount of radiant heat that
eventually returns to surface z because of the many
reflections of radiation eriginating from surface x is

©

Q: a'é.r‘llzT?r,fr. 1/;/.y,r(l fa!/) 233 Z

n=u

[A/.z.u,fy,z(l '*‘11‘) (1 “au) |

("): Ug,;l r T?fr.’f/_/vu‘ 17(:1 ”B‘y)fxr
1— 1z yhy (1 —ay) (1—ay)

By using the methods developed, the general
heat-transfer model in sketeh (n) can be utilized
in deseribing the radiant heat exchange bhetween
two constant-{emperature sources.

Surface y
Tey 7',4441 f—

a4
Tey ay f,,yﬂ), T

M—
I—f,’,f),’, (I-a,)(|—ay)

4
gepay(l=ay) £y fy xAx Tx

U= foy fyn (a0 0= ay)

4
ac},ay(l— ay) fey fy 2 Ay 7,

b=t yly x (1-a,)(i-ay)

4
Tey ay fy x4y T,
-a

1-f,f

X,y 'y,x (1 ,)(I—ay)

4
-deyr), Ay

Surface ¥ -

(n)

The terms used here are heat-transfer rates and
are components of the overall radiant heat ex-
change.  From the preceding, it is apparent that
the net rate of heat emission from surface x (as-
suming the environmental temperature is 0° R and

Ay s

<7Ql)“('! mitied==0e 11— dé,q,(] TQJ/) ‘fr' "’f”'r s N
A by I‘ I o l'j],!/_f,m:(‘l *az) (1 —ay)

oe,on fy 1 :
L N N (A
]‘_/r,y_/u.r(l —a;)(1—a,) 0

The resulting net heat-emission rate from such an
equation may be positive or negative in sign de-
pending upon the temperatures used.  The posi-
tive sign will indicate the net rate of heat emission,
and the negative sign will indicate the net rate of
heat absorption.

Similarly, the net rate of heat absorption by
surface y 18

(Dppmeimy I
A"l ;\’(.\"tz;ths()rbcd l_fz,yfy.z(] “(Iz) (1 __ai/\)

Ue,l,/a!/(,] —a) [k T A

e ey —oe, T (C2
1__/1,ufu,r<1—ar)u —a,) et ©2)

+

It the resultant net heat-absorption rate is
negative in sign, this will indicate that this par-
ticular surface has a net rate of heat cmission
rather than a net rate of heat absorption.



APPENDIX D

THERMAL-PROTECTION METHODS

ON-BOARD PROTECTION

Shadow shields.—If one radiation shield is AN
placed directly between the two equal-diameter
constant-temperature sources x and y (sketeh (o)),
the expression for the net rate of heat absorption
by surface 7 is given by

FUT—0e)T? (D1)

Q\ 6T BGT
(\}1' )l;la(‘;,+e,)mlt'—'][|7 Y
1), N radiation shields
where
;- oe, fa, Lalpalasig=... 1y
l__fg(.]_ay)(l_ar‘) (0)
. ge, (1 —w)a, . . . -
I ~oe through the sides of the components).  Here it is
F= Pl =) (1—a) assumed that the temperature of the environment.
, oe. fa, 15 0° R and that there is no temperature gradient
Tl e (1—ay) cither in the plane of the shield or normal to the
and shield.

[I UEV./M‘)(‘I—Q’I}(?!/?

= " s S Using the same assumiptions, the net rate of
- (l—a,)(l—a)

heat absorption by surface ¥, through a svstem of
A Y I A

The angle factor [ ix the same throughout, heeause (W0 equally spaced radiation shields, is
vequal-diameter components > , C . .

the (qlf‘ll di multu components m‘(l s])%(l(]\ e QN T 4 [ole,+e)— I~ 1| BGT? .

equal distances from cach other.  Equation (D1) () == e . v pgn I —oe )T

L ) , AL, ole,4-e)—L—1T)— BG}

1s or the rate ol heat transfer between the ends D

of the components only (i.e.. no heat transfer . . 2
: A For three shields,

Qy\ FTi Hole,+ e)—F— I BG BGTS o
GO ot i s Hote, e —Fi— 1P — B —lole,+ e — ti— 1115y T =o€ T
D,
For N 2, .
@y Tt Dy ) BT, e )T 9
(,1 )_\v—la(e_,,qte,):]a'—llj(l);\v,,f)A Dy peT =0T (b2)

where Nis the number of shields, and £y, and 724, are the denominators of the fruetions in the equa-
tions for N—1 and N—2 shields, respectively.

A further generalization of shadow shields can be made by letting the two constant-temperature
bodies have varying dinmeters as shown in sketeh (p).  In order to obtain a reasonable solution for this

system of shields, it is assumed that the angle factors 7, fi.. Tas oo o Svcinve and fiy o oare all equal.
This ussumption also dictates that £, ,, foy, . . ., Fr v, and £y v will be equal.

“Thermal equilibrinm conditions are assumed throughout this appendix

28
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A4
I3 % i
é ;
‘ |\
Apr €y -

(m

By examining equation (B1), it is apparent that

the angle factors will be equal if

PR

and if

;",u> BRAYR o S\ C Ay

. sy, and rgfry must
be equal; and 1/ry, Lirn, oo Infrnoy, and {iry
must be equal.  With these relations and the
geometry of the system, the radius of any shield
and the proper spacing between shields can be
obtuined from the following equations:

Therefore, ri/r, rair, . -

L &
Iy=1"y (1—%—7 tan 6)
v ¥

/ A
re=ry (] —}—]f' tan 9)
"

1

Iv=" (l-.}—%1 tan 0‘)-\’71

and
A

=1, <’1+}/fl' tan 9\)

The total length £, of a shadow-shield system
with N shiclds (negleeting the thickness of the
shields) is the sum of all the individual spacings
=N

S2 1A, This can be expressed as
fy
,.(/ d ]l N+
= 1~(1 — te )
T tan BI: . +1';/ tan 6

When 8-20, [, =L (N 1).

If one shield is spaced between the two constant-
temperature sources x and ¥ in such a manner that
fy1=f1.r then the net rate of heat absorption by
surfuce ¥ is given by

0 sz}f'/'pr/;a’r;
(1)— +(H—0e) T}

D,
where
J 2 I ‘{fl/,’.«/. 1le‘ ‘
1—fy i, —a) (1 —ay)

I UEI_[I.I/_[}/, IV(’:I’"—Q_U‘)CVI

B 17'.1.1/,1 fl.l/“ 'a‘r) (1 *aui)

ae.f 1, vy

7 l 1 ’_‘_/.l,y,[m 1 (] —ar) (1; C‘U\)J

Il 0'6!/‘/.1.[/,[7141(:1 ”—a.r‘)a_u

- 1 ;.,‘1»1/,[!/, (1 _(11) (1 fa”)

and 24, and .1, are the areas of surfuces and ¥,
respectively.

The net rate of heat absorption by surface ¥
with two shadow shiclds between it and surface
»is

7 (:*}’) Tid-lale,Fe)— 11 BGT?

(Q,) N
AL Hole, e,y — I —1T*— BG:
1,

~([—oe)T}

Where N >2,

@ (4F) T Dxo) BOT

Q ‘
(‘; 1, )\ lole, e — E—TT|(Dy-) — BE(Dy )
+ (I T—0oe)T}

where Do_; and Dy_p are the denominators of the
fractions in the equations for N—1 and N—-2
shields, respectively.

Foils.— Foils are very closely spaced radiation
shields, where the angle factor / between adjacent
shields is assumed to be equal to 1. The net
rate of heat absorption by surlace y (when
sepurated from surface x by N foils) can be ob-
tained by setting the angle factor f equal to 1 in

the previous equations. Equation (D2) then
becomes

o R -
,(2 ge, [(;‘ ’)] i'(ffgl?,
(7). = Lt - - (DB
s

2]
()

)G ! s
[N
" ‘“’){ ()
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When (a/e),(¢/a),=1, the expression {1 —[(a/e),
(e,‘"a),]“’“}y’ll—(a/e)y(e/'a),] must be replaced by
(N+1).

Insulation. -Two equations can be written for
the insulation svstem shown in sketeh (). The
first one defines the net rate of heat absorption

I

(X171

by surface 1 due to thermal radiation from surface
ro(see eq. (C2) of appendix ) and is given by

( Dan
_t;i(;'/';,; (Il —ce) T (D4a)
where
“ oefar
e —ay)
and

o g [Pl —a) ey 7
”‘la/"-‘alwx,)(l-a,)

Equation (D4a) assumes that there is heat transfer
only through the ends of the tanks and the insula-
tion and that the surrounding environment is at
0° R,

The other equation that can be written for this
svstem is the expression for the rate of heat
absorption by surface y due to conduetion through
the insulation:

Sk (Dib)
This equation assumes that there is no heat trans-
fer by radiation through the insulation.

The net rate of heat absorption by surfuce 1,
given by equation (D4a), must bhe cqual to the rate
of hicat transfer by conduction through the insula-
tion (eq. (D4b)Y. The unknown temperature 7))
can then be obtained by a trial-and-error process.
After 7y is obtained, the heat-transfer rate can be
given by either equation.

Another similar application of insulation s
shown in sketeh (r).  Here again, a trial-and-error
solution involving two equations is required.  One

AERONAUTICS AND SPACE ADMINISTRATION

*fzﬂ
r/’

e

‘L' fy—=
7 7

iry

equation can be obtained by considering the heat-
transfer rate through surface 1. The net rate of
heat emission by surface 1 must be cqual to the
heat-transfer rate due to conduetion through the
insulation #;.  Equating these two heat-transfor
rates gives the following:

{oe,— 1) ’I",‘—Iﬂ'j:é:l T.—1) (Daa)
1
where
B 7062_/.(,!1 o
=0 —a) (1 —ay)
and

[,_7061f”( 1 ‘(12)7(71;7

=) (1 —a)

A second equation can be obtained by consider-
ing the heat that reaches surface 2. Here, the net
rate of heat absorbed by surface 2 must be equal
to the heat-transfer rate due to conduetion through
the insulation t.. This is given by

GTI UT—0e) =" (1= 7, (D3
where )
. oefa
G_Ml — =) (1= )
and
2 P —ag e,
J— Uf‘._/ A 1
! ]—-_/‘)(\l-a])(l—ag)

The unknown temperatures 77 and 7% ean be
obtained from equations (Daa) and (D3h) by a
trial-and-error process.  Then the net rate of heat
absorption by surface i can be obtained by using
the conduction equation (e, (),"’,»1:(A'g,f’f:,)('l'g—
T,).

A third application of insulation employing
gaps is shown in sketeh (s). For this system,
there are three unknowns (T, Ty, and @/, the
net heat-absorption rate of surface r). Thus,
three equations are needed. The first equation
can be obtained by equating the heat-transfer rate
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due to conduction through the insulation to the net

rate of heat absorption by surface 1. This is
given by
é (LT =G+ (I —oe)TE (Do)
where
Gy SeS
L) (T—a)
and

Uél[ U ﬁar)al o
1= —fH(1—a) (1 —a,)

The next equation that can be written states
that this net rate of heat absorption by surface 1
(due to thermal radiation from surface «) must be
equal to the net rate of heat emission [rom sur-
fuce 2. This is given by

G (I —oe) T} == (oes— 1)) Ti— 1,14 (Dob)
where
B . vav/ja‘:l ] )
Sl =4l —ay) (1—e,)
and ’
2 Ufﬂj‘:(;] 'ay)az )
T 1 _»,'2(] — ) (140‘1/)
With 7, and T, the only unknowns in equations

(D6a) and (D6b), there are two equations with
two unknowns from which 7y and 7 can be ob-

For two shields,

(O> - "s) (Z+{a e.,+m~1«|1;( T4
2 |U(f(/

RV I |ole,

Then the net
rate of heat absorption by surface y is given by
the third relation,

tained by a trial-and-error process.

[ )
31: LT (= o) T4 (D6
where
. ae»/a,/
(’2”1</ (1—a,) (1—
and
cre,,/" 'l;aﬁaﬂh
= 1—{l—a,) ) (1 —ay)

EXTERNAL PROTECTION

Solar shadow shields. -Assuming the incoming
waves of electromagnetic radiation are perpendicu-
lar to the radiation shiclds and that there is no

External flux

A radiation shields

Lelp=ly=lg =t ly
it
{emperature gradient across any particular shicld,

the equation for the net rate of heat absorption by
surface i (sketeh (1)) through one shield is given by

((:) a\) ('T”G u_+_([[l<re,,311t

"1, [U Eu+fr ‘[“
\___W_J

D,

e T
[”-If(' +(I—ae) T,

1),

For three shields,

(L}) . B ag) (P -+ la(e,,
AL (\l(f(f,f{"é,)*[’ﬁ][' |a( e(,—.LeI

ole,+e)— Io—I—BG I BGT;
te,);l‘—lll——B(l flg(e,,—rez ~/’

N
—0€,) ! "

1)

)

For N >2
( Q) _
A

B 7a_q)f(1‘\'+(I)A_\uf)w]f(w'ﬁ'l'j’7
a(le_,,*e,)*l‘:* []l(:[),\'r—l)-(ll\'—‘-’) BG

) (D7)

+TI—0en T}
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where B, I, G and 71 are the same as the constants
for equation (D2), and Y is the incoming flux (e.g..
if the incoming waves of electromagnetic radiation
are from the Sun only, Y=geslrg/rs p)? Th. The
assumption of absorptivity and emissivity of the
exposed outer surface {ag.e,) allows for solar ab-
sorptivity to be different from emissivity.  These
equations assume that there is heat transfer only
through the end of the component and that the
environmental temperature is 0° R,

A further generalization of shadow shields can
be made by letting the outer shield assume a larger
diameter than that of the component being pro-
tected, as shown in sketeh (). For this model,
the external flux 37 was assumed to be incident
only on the shadow shield at the greatest distance
from y.

Ay €y -
=
& EAT
%l/" BT =
- — External
flux
- ¢ ! ! ’
* | 2 3 ~ y
7
G| ] -
§ T -
€™
- Lot J
(1)

Again, in order to obtain a reasonable solution
for such a shadow-shield system, it is assumed that
the angle factors f, 4, £ 4, fas, and fy_y v are all
equal.  This also stipulates that f . Loty .
and [y v be equal. These conditions will be ful-
filled by using the following equations for the
shield radii and spacings:

/l N
Iy ( 1 +,:— tan 6)

¥

=/, ( | —{—ll.l tan B)XH
. v

where 7y is the radius of any shield in the svstem,
Iy is the distance required between adjacent shields,
and @ is half the cone angle. The total length of
the shielding svstem (neglee ting the thickness of
the shields) is the sum of the individual spacings
Lol .. . and /. This is mven by

and

AERONAUTICS AND SPACE

ADMINISTRATION

e — 'l—é’ ( ,)— - [l*(]—f-l/i tan Q)A\-:I

When 8 >0, /4, »(N).

If one shield is placed between the external heat
source and the component %, the net rate of heat
absorption by surface y is given by

0 (i)vas(l%f)/‘l tzlnﬂ)—f—]f("'f,
(41; 1:: |a(e,,r+er‘)7'[f
1),

+ (/71—

Sty
cre,,)[_,,

where
ge {‘, [0
= vt 4r

! *.fl, uf_//, 1 (l ﬁdr) (1 - au\)

au) (£33

Fi-- ‘751—/1 1/[:/ 14

fll/fz/l“ a, ) (1-- —ay)
,7 UG,f] ,,a,,
o= ,I ,/fy (1= —ay)
I -- Uér/,ly ;/l(] az)@//
~fif(l—a)(l—a,)

and Y is the external flux.  (This assunes that
the waves of electromagnetic radiation from the
external heat source are parallel)  With two

shields,

N N
o\ GTa (l+'~'lm|0)—{—[a(eu:'er)ﬁfﬂjlf(}lf

(\;’1,;)3 AP (e, +¢,) 717“0' e,,-i»el)—/, II]MBG"
D,

+ U l—ae)T}

For N =92,

(Q) Yo (l %'—lunﬁ) —}—(/)\—JB T,
Ay e

(e, te)— Dy ) — BG(Dy_,)
+ I —ae)T}

where Dy und Dy_, ave the denominators of the
fractions in the equations for N—1 and N—2
shields, respectively.

Solar foils. —The expression for the net rate of
heat absorption by surface y through N foils can
be obtained by setting the angle factor £ cqual to

I in equation (D7), The resulting cquation is
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“[(9) (%

Al
) ] &) —oe, 1"}
, | (DS)

Qy _
&), i

(1-at)

When (o/e),(e/a),

{‘f[ ( ]}[‘fn, )]

should be replaced by Ao This equation gives the
heat-transfer rate through the end of the tank
only. It was assumed that the flux }" was ineident
only upon the outer surfuace ol the first shield.

Planetary shadow shields.—The expression for
the heat-transfer rate (through the end of the
evlinder only) and shield temperatures for the ar-
rangenment. in sketeh (v)

, the expression

are given by

O o ae—b
e [(( it }e ) ((/(L'—(I{I/)

+0 ;;+( Cra—( '21) T+ En] (D)

)0

)] +e[(96) ]

I

T, Q:( e —bh‘)‘“

ch—ag

_—_— ae—bh a, e T
I"'zili(,('ltfrlgj) l'+/l:l

and
(OO O
B G A
where
Y ) 1 (v(v7
a={( 15’( 9*( 1'1'—(('( It;L(VQ
v o v . ¥ ('+(15 v
b:(u]jTL( 107"( 11+(’ 'l"' v'>(7
=0
(' .
=, —H' A=
B
=h— O F 0,
f=c--('
andd

A0 v g (405 "
h=( |u,( 1 ’ )“‘(u‘( 1:_('(y ! (v')
SR e b2

The expressions for the constants are shown at the
endd of this seetion. It has been assumed for these
planetary shadow-shield expressions that (1) the
teuperature gradient through any shield normal
to the shield surface is zero, (2) the tank and
shields  have equal diameters and are equal
distances apart, (3) the cvlindrieal axis of the
components lies on the Sun-planet axis, (4)
thermal equilibrium prevails, and (5) the angle
factor between a shield and space is equal to 1
minus the angle factor between shields.

Solar shadow shields near planet on Sun-
planet axis.—Similarly, the expressions for the
net rate of heat absorption by surface y and the
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g y
To ",
.
“Fl} s { {"F2~ {“8.2 /_{a,
8,2 %

(w)

shicld temperatures for the arrangement in sketceh
(w) are given by

) Col (=m0 med) 4 (| m'u‘)(u -mit) |
>(t)*g' O (- nu)(ﬂim[ + (et mj) o+ m)|

<A, (p--mw)(qg—m jy— (4 m ) e+ maw)
=T+ Oy (D1

7 7[»(./)7— mu) (04 m i) +(n+]lzu‘)(u—%—m‘[) 14
"L ey (g— mj)y— G- m ) ek mw)

o Gt miy(g—mj)+ (r+ mp) (o+mQ
" (p—mu)(q—m; — (-t m ) (n+- mu)

(418w )
7of TR O b Ot G G\
[

('.,-—‘1 — ('

- “1(l,l -

where
(”i‘xi’("h # (( ’JT( (4)
C— (g1 %)

. (y{14-5)
J*( ' ({14 %)

=g -y

n=Cot- OOy Cyr

o=10"1 ?,JF(':;H“( "t J'((VIN_TL('H)
y 4'111 ¥ v 1
== 1 - — =y

q= = Co—=Cy—Cyr

a,

Ao

Cy

AKRONAUTICR AND SPACE

ADMINISTRATION
" ':'('u"f'('a.a to( 14/ v i "(('1144.’(12:5)
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Solar shadow shields near planet on planet
radius normal to Sun-planet axis. —The expres-
sions for the net heat-transler rate through the
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end ol the eylindrical tank and shield tempera-
tures for the arrangement shown in sketch (x) are

given by
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The expressions for these constants are given at
the end of this section.  The preceding equations
assume that (1) the temperature gradient through
any shield is zero, (2) the tank and shields have
equal diameters and are equal distances apart,
(3) planetary flux is reflected only once hefore
pussing into space, (4) the vehicle lies in a plane
perpendicular to the Sun-planet axis with the
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shadow shields oriented towards the Sun, and (5)
thermal equilibrium prevails,

The expressions for the constants used in this
section are as follows:
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Insulation. --If it ix assumed that there is heat
transfer only through the end of the component
iy, the expression for the rate of heat absorption

-
- O
% y / -~
[
by surfuce y (sketeh (v)) is
Q» k

A= (1= (D12a)

However, sinee 77 1s not known, another equation
1

15 needed.  The net rate of heat absorption hy
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surface 1 due to thermal radiation [rom external
sources 15 given by

(

=a} —ae T

These two equations can be cquated (since the
amount of heat that enters surface 1 must be
equal to the amount of heat that passes through
surface y assuming no heat loss on the edges of
the insulation), and 75 can be obtained by a trial-
and-error process.  Alter 7' is known, either equa-
tion ean be used for the heat flux,

Another application of insulation between
constant-temperature source and an external heat
flux is shown in sketeh (z). Tt is assunmed that

-~ Y

(7}

the waves of clectromagnetic radiation from " are
neident only on surface 1. The net rate ol heat
absorption by surface 1 due to radiation from the
external heat source must be equal to the con-
duetive heat-transfer rate through the imsulation.
This is given by

k

; (1\—T)=aY —oal

(D13a)
A similar equation ean be obtained for surface 2:
]\‘ A I4 A% bféy(] ——al)az ]
A A ] AR e (R
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f2,(1—a,)( — ) (D 13b)

The term on the right side of equation (D13h) 1s
the expression for the net rate of heat emission by
surface 2. If Ty and Ty are the only unknowns
in (D13a) and (D13b), they can be obtained by

a trialand-error process.  Then the rate of heat

transfer into surface ¥ is given by
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Combining shadow shields and foils. —The heat-
{ransfor rate for the svstem shown in sketeh (1)
requires i trinl-und-error solution between the

N foils

shadow-shicld equations (D9), (D1Y), or (D11)
and the foil equation (D8).  In using Q/.\ from
the shadow-shield equations, replace 7, by Ty,
a, by ap, and ¢, by e Then, by trial and error,
the outer-foil temperature T is found, which
gives equal values of /A for the shadow-shield
equations and the foil equation.  This method
assunies that, whenever @ and b arcas exist on the
outer foils, the outer foil has infinite conductivity
laterally.
Combining shadow shields and insulation.-

The heat-transfer rate Tor the system ol shadow
shields and insulation in sketel (b”) requires an

NN
'
~

Ay
(b")

iterntion between the shadow-shield equations and
{he insulation equation. Again, in using @/
from equations  (139), (D10), or (D11), itois
necessary to replace 7, by 11, ¢ by &, and a, by ai.
Then an iteration is required to determine the
equilibrium  value of 7. This method also
assumes that, whenever @ and b areas exist on the
outer surface of the insulation, this surface is
assumed to have an infinite conductivity laterally.
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TABLE [. PLANETARY CONSTANTS

‘ - 1
| .
: Planet ‘ » Crn O\
1 ‘ temperature, | Albedo, ety bipes (k,}‘ ,,) iz,
‘ Tp, °R p | Ry |
Planet | () (") :
|
7 o \ .
\ Day o N Day Night
I S | o T o
Venus ‘ b 506 450(29) L), 73 . 3. 644 1011 . 1107100
Farth | "525 | v525 8 L3 | 4634 <100
Mars ‘ 518(29) 401(30) .08 (30) 7.501 < 10w 2. 388> 101

| - ) o ’ 0 ?

a Numbers in parentheses refer to references.
b S Astronomieal Aspeets of Spuace Teehnology.™ Joint lecture course by Case Tust. Tech. and
NASA Lewis Res. Center, Fall 1958,
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